؉ -H ؉ exchangers prevent cellular acidification by catalyzing the electroneutral exchange of extracellular sodium for an intracellular proton. To date, seven Na ؉ -H ؉ exchangers have been identified in mammals, and although several members of this family have been extensively studied and characterized, it is clear that there are major gaps in our understanding with respect to the remaining family members. To initiate the study of Na ؉ -H ؉ exchangers in a genomically defined and genetically tractable model system, we have cloned the complete cDNAs and analyzed splice site variation for nine putative homologs from the nematode Caenorhabditis elegans, which we have called NHX-1 through -9. The expression patterns and cellular distributions of the NHX proteins were determined using transcriptional and translational promoter-transgene fusion constructs to green fluorescent protein. Four of the putative exchangers were expressed at the cell surface, whereas five of the exchangers were associated with the membranes of intracellular organelles. Individual isoforms were expressed exclusively in the intestine, seam cells, hypodermal cells of the main body syncytium, and the excretory cell, all of which are polarized epithelial cells, suggesting a role for these proteins in epithelial membrane transport processes in the nematode. Other isoforms were found to express either ubiquitously or in a pan-neural pattern, suggesting a more conserved role in cell pH regulation or neuronal function. Finally, we show that recombinant NHX-4, the ubiquitous nematode Na ؉ -H ؉ exchanger, mediates Na ؉ -dependent pH recovery after intracellular acidification. NHX-4 has a K a for Na ؉ of ϳ32 mM, is not Cl ؊ -dependent, and is relatively insensitive to the amiloride analog EIPA.
Na
ϩ -H ϩ exchangers are a family of integral membrane phosphoglycoproteins that play an important role in the regulation of intracellular pH and sodium homeostasis by mediating the countertransport of extracellular sodium and intracellular protons (for review, see Refs. 1 and 2). Although Na ϩ -H ϩ exchange activity is present in organisms ranging from bacteria, yeast, and plants to animals, the functional basis for these activities is in some cases quite different. Bacteria exhibit electrogenic Na ϩ -H ϩ exchange, with a stoichiometry of 1Na/2H; as a result of the net uptake of protons for net loss of sodium, the organism is able to live in extreme hypersaline or hyperalkaline environments (3) . The bacterial Na ϩ -H ϩ exchange proteins are generally around 332 amino acids in length and contain 10 transmembrane domains (4 -6) . In yeast, the plasma membrane antiporters are variable in size from 450 to more than 900 amino acids, depending upon the species, and can mediate potassium as well as sodium efflux (7) (8) (9) ; in addition, an intracellular Na ϩ -H ϩ exchanger in yeast is associated with a late endosomal compartment and functions in protein trafficking and osmotolerance (10 -12) . In plants, salt tolerance can be conferred by overexpression of a vacuolar Na ϩ -H ϩ antiporter with great similarity to that found in yeast (13) . Finally, the single Na ϩ -H ϩ exchanger that has been characterized from invertebrates shows remarkable similarity to the mammalian Na ϩ -H ϩ exchangers; however, the stoichiometry of exchange is 2Na/1H (for review, see Ref. 14) .
In mammals, seven members of the electroneutral Na ϩ -H ϩ exchanger (NHE) 1 family have been identified to date (15) (16) (17) (18) (19) (20) (21) . These exchangers are typically from 600 to 700 amino acids in length, contain 10 -12 predicted transmembrane domains, and have a large, exposed cytoplasmic carboxyl terminus. NHE1 is expressed ubiquitously and is believed to play a housekeeping role in establishing cytosolic pH (22) , whereas NHE2, -3, -4, and -5 display more restricted tissue distributions, perhaps reflecting more specialized functions (19, 23) . NHE6 and NHE7 are expressed ubiquitously and appear to be intracellular exchangers (15, 18) .
Insights into the function of the NHE exchanger family have come lately from gene ablation studies on mouse isoforms 1, 2, and 3. Targeted disruption of the ubiquitously expressed NHE1 was expected to be lethal; however, null mutant mice were not only viable but exhibited only a slightly retarded postnatal growth rate (24) . Because NHE1 is generally expressed at low levels in the brain, it was surprising to find that NHE1-null mice exhibited ataxia and epileptic-like seizures. Consistent with NHE1 playing a "housekeeping" role in maintaining intracellular pH, fibroblasts and lacrimal and salivary acinar cells from NHE1 Ϫ/Ϫ mice appear to lack the means to recover effectively from an intracellular acid load (24 -27) . Indeed, lack of NHE1 resulted in a dramatic reduction in salivation, consistent with a role in promoting chloride flux via functionally coupled Cl Ϫ -HCO 3 Ϫ exchangers by increasing the pH i during sustained secretion (28) .
Loss of NHE2 led to structural abnormalities in the oxyntic mucosa of the gastric corpus as well as a reduction in net gastric acid secretions in adults (29) . It is thought that the * This work was supported by National Institutes of Health Grant DE08921 (to J. E. M.). The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. Section 1734 solely to indicate this fact. phenotypic effects of NHE2 loss are related to survival of parietal cells rather than the ability to secrete acid per se. Loss of NHE3 led to renal and intestinal absorptive defects, such as a mild tubular acidosis and slight diarrhea as well as a decreased ability to absorb fluid and HCO 3 Ϫ in the proximal convoluted tubules (30) . A reduction in blood pressure, increased absorptive area provided by swelling of the cecum, and elevated levels of blood aldosterone were postulated to compensate partially for loss of NHE3. Further evidence of compensation was noted in that the levels of kidney renin, AE1 (anion exchanger type 1), and ENaC (epithileal sodium channel) mRNA as well as other mRNAs were altered substantially in homozygous null mice. These results suggest that the proteins and processes involved in Na ϩ reabsorption in the kidney and intestine are tightly coupled functionally and that NHE3 plays a major role in promoting sodium homeostasis in these tissues.
Thus, although a great deal is known about the function of several Na ϩ -H ϩ exchanger isoforms in mammals, there are major gaps in our understanding of the remaining family members. In addition, the advent of compensatory mechanisms after mammalian gene ablation creates some difficulties in correlating physiological membrane transport processes with the existing null phenotypes. To broaden our understanding of how individual Na ϩ -H ϩ isoforms enable epithelial membrane transport processes and contribute to maintaining cellular Na ϩ , pH, and fluid homeostasis, we have chosen to study Caenorhabditis elegans as a model system. This soil nematode is similar to mammals in many ways. Despite there being only roughly 1000 cells in the adult hermaphrodite, the worm possesses multiple distinct tissues that are conserved in mammals. Indeed, on a genomic level, many of the ion transport families in mammals are reflected in worms, with a similar diversity found among family members, suggesting that the basic physiological functions of nematode cells are conserved as well. One of the many benefits of working with C. elegans is that it is a genomically defined and genetically tractable model. Obtaining transgenic lines for expression analysis is relatively straightforward. Similarly, double-stranded RNA-mediated gene interference (RNAi) allows a rapid means of pheno-copying loss-of-function alleles.
To gain an understanding of acid-base physiology in the nematode, we have cloned nine cDNAs representing the entire Na ϩ -H ϩ exchanger family from C. elegans. A comparison of these sequences to the seven highly related mammalian NHE exchangers leads us to believe that they may possess evolutionarily conserved functions at the cellular level. As a first step toward elucidating the role of these putative exchangers in C. elegans, we have investigated the expression patterns of the nine exchangers and, using translational fusions to GFP, have examined protein targeting to cellular and organelle membranes. A functional characterization of the ubiquitously expressed NHX-4 protein confirms that members of this family can function as Na ϩ -H ϩ exchangers and reveals some of the basic physiological characteristics of the transport process.
EXPERIMENTAL PROCEDURES
cDNA Cloning-Basic local alignment search tool (BLAST) homology searches of WormPep (a predictive data base) and the C. elegans genome with NHE1 yielded nine putative Na ϩ -H ϩ exchanger cDNAs (B0395.1, B0495.4, C54F6.13, F14B8.1, F57C7.2, F58E1.6, K09C8.1, Y18D10A.6, ZK822.3); several other clones with homology to E. coli napA were not studied. A multiple sequence alignment of conceptually translated predicted cDNAs was used to design probes based upon conserved domains within the amino terminus of each of the proteins. Isoform-specific probes were generated by reverse-PCR using mixed stage C. elegans 1st strand cDNA. Using these probes, two C. elegans cDNA libraries, an oligo(dT)-primed cDNA library (-ACT-RB1) and a random-primed cDNA library (-ACT-RB2) (kindly provided by Dr. R. Barstead, University of Wisconsin-Madison), were screened as described previously (31) . Multiple clones for 8 of the 9 NHE homologs were obtained. Additional sequence information at the 5Ј end of each clone was derived from 5Ј-rapid amplification of cDNA ends using the SL1 trans-spliced leader sequence as an anchored primer in combination with nested isoform-specific primers. For NHX-6 mRNA, 3Ј-rapid amplification of cDNA ends analysis was used to establish the distal coding region and 3Ј-untranslated region. Each cDNA clone was sequenced fully on both strands to assess splice site variation, and the full-length cDNAs were submitted to GenBank TM and WormBase using the gene family name nhx as assigned by the C. elegans Genomics Center. These sequences are found under the accession numbers AF497823-AF497835.
Promoter Transgene Cloning and Analysis-Transcriptional promoter fusions to GFP were created by PCR amplification of 4 kb of genomic sequence from upstream of the first start codon for each isoform using restriction site-tagged oligonucleotide primers that contained a mutated start codon complement (ATG to TTG) to prevent translational initiation. The PCR products were cloned into the complementary sites of the vector pFH6.II (courtesy of F. Hagen, University of Rochester, Rochester, NY), which is a derivative of pPD 95.81 (courtesy of A. Fire, Carnegie Institute of Washington, Baltimore, MD) to create pJP109-nhx-N (where N is 1-9). Translational promoter fusions (pJP113-nhx-N) were created similarly but instead used a downstream genomic primer that annealed immediately before the stop codon (rather than start codon), and the PCR product was cloned so that GFP would be translated in-frame with the full NHX protein-coding region. Because of size limitations and stability issues, the NHX-5, -7, and -8::GFP translational fusion constructs contained only 1.5 kb of promoter sequence upstream of the initiator codon.
Nematodes (Bristol N2 strain) were cultured at 14 or 22°C on nematode growth medium plates seeded with HB101 or OP50 bacteria from an overnight culture using standard techniques. GFP fusion construct and pRF4, which produces a rol-6 roller phenotype (32) , were mixed at 75 mg/ml each in injection buffer (composition) then co-injected into the gonad of young adult Bristol-N2 nematodes as described (33) . After 4 days, rollers were picked from at least 10 injections to separate plates to look for germ-line transmission. The nematodes were imaged on 2% M9-agarose pads using a Nikon Eclipse E800 microscope equipped with a Nikon 10, 20, 60, or 100ϫ Apo series objectives under 100-W mercury illumination and a GFP or 4,6-diamidino-2-phenylindole filter set, as appropriate. The images were captured using a Spot2 camera and analyzed in Adobe Photoshop (Adobe Systems, San Jose, CA). Alternatively, images were captured using a Leica confocal microscope under 488 nM laser illumination and a fluorescein isothiocyanate filter set.
pH i Measurements-The full coding region for NHX-4a was amplified from a cDNA clone and ligated into the vector pcDNA3.1/V5/His/topo (Invitrogen). The NHX-4a expression vector pPM1 and the CD8 expression plasmid pID3-CD8 (courtesy of Dr. Brian Seed, Harvard University) were transiently transfected at a 10:1 ratio into the Na ϩ -H ϩ exchanger-deficient cell line AP1 (courtesy of Dr. Sergio Grinstein, University of Toronto) using Superfect reagent (Qiagen, Valencia, CA). Immediately after transfection, the cells were trypsinized and plated onto 10 mM glass coverslips. Twenty-four hours later, cells were loaded with the fluorescent pH indicator BCECF (2 M) at room temperature for 30 min in 1 ml of a normal, low potassium buffer (135 mM NaCl, 5.4 mM KCl, 0.4 mM KH 2 PO 4 , 0.33 mM NaH 2 PO 4 , 10 mM glucose, 20 mM HEPES, 1.2 mM CaCl 2 , 0.8 mM MgSO 4 ; the pH was adjusted to 7.4 with Tris base. The coverslips were then moved to a perfusion chamber mounted on the microscope and superfused with normal buffer. Individual CD8 ϩ cells were identified by incubating with anti-CD8 antibody-coated Dynabeads M-450 (Dynal, Oslo, Norway). A dual wavelength excitation system (Axon Instruments, Foster City, CA) rigged to a Nikon inverted microscope equipped with a CCD camera detection system (Cooke, Germany) was used to monitor pH changes. The fluorescent emissions were measured at 530 nM after excitation at 440 and 490 nM. An acute acid load was induced by the NH 4 ϩ /NH 3 prepulse technique (34) . Briefly, 60 mM NaCl in the above normal solution was replaced by NH 4 Cl, and after several minutes of perfusion, the cells were then switched to a solution containing 135 mM N-methyl-D-glucamine-HCl in place of sodium. Recovery upon sodium readdition was monitored by image acquisition using AXON Image2.1 software, then analyzed using Microcal Origin 6.0. The derivative fluorescent ratio was converted to pH i by in situ calibration using the high K ϩ /nigericin technique. In all experiments, CD8 ϩ cells were matched with nontransfected cells, which never exhibited pH i recovery. Approximately 8 -10 CD8 ϩ cells were imaged per coverslip. To address Na ϩ dependence, NaCl in the above normal buffer was replaced with the appropriate amount of N-methyl-D-glucamine-HCl, and to address Cl Ϫ depend-
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ence, KCl and NaCl in the above normal solution were replaced with potassium and sodium gluconate, respectively.
RESULTS

C. elegans Encodes Nine Putative Na
ϩ -H ϩ Exchangers-We isolated cDNAs encoding nine different proteins with homology to the mammalian NHE family of Na ϩ -H ϩ exchangers, which we have called NHX-1 through NHX-9; the nhx gene designation has been registered with the Caenorhabditis Genetics Center. In general, each predicted NHX protein was from 600 to 750 amino acids in length, with the exception of NHX-1, which was the smallest member of the family, at 480 amino acids, and each protein was predicted to contain from 10 to 12 transmembrane domains with a large exposed C terminus, as is found in all members of the mammalian NHE family.
An alignment of the cDNA and corresponding genomic sequences resulted in the schematic shown in Fig. 1A . Multiple variants were identified for four of the isoforms. NHX-4 mRNA was unique in that two distinct SL1 splice sites were used, separated by three exons and ϳ3 kb of genomic sequence, resulting in NHX-4a and NHX-4b mRNA variants (Fig. 1A) . NHX-5 mRNA also exhibited splice variation and was the only nematode Na ϩ -H ϩ exchanger that had a variable C terminus (NHX-5a and NHX-5b). NHX-8a mRNA contained a coding sequence derived from an additional upstream exon and lacked an SL1 leader compared with NHX-8b mRNA, suggesting that it may represent an unprocessed mRNA, whereas the NHX-9a mRNA variant contained an alternate exon 1 that had an SL1 trans-spliced leader ( Fig. 1 ) and, thus, appeared to be the result of true alternative splicing. However, exon1 from NHX-9b mRNA was not preceded by an SL1 leader. And in an interesting twist, both the NHX-8b and NHX-9b mRNA variants contained out-of-frame ATGs that preceded the start of the putative open reading frames. This is unusual in worms, where the first ATG after the SL1 leader typically initiates translation. We do not know the reason behind this anomaly.
Based upon homology, the seven known mammalian NHE proteins can be grouped into two distinct branches. The first of these contains the plasma membrane exchangers NHE1 through NHE5, whereas the second contains the intracellular ion transport proteins NHE6 and NHE7. We aligned the predicted proteins NHX-1 through NHX-9 with human (NHE1, -2, -3, -5, -6, and -7) and rat (NHE4) Na ϩ -H ϩ exchanger proteins and used the resulting alignment to create a phylogram showing relatedness among family members (Fig. 1B) . There was generally between 20 and 40% identity and from 40 to 60% homology across the core conserved region both within the family and when compared with the mammalian Na ϩ -H ϩ exchangers, with several pairs of exchangers exhibiting higher levels of homology (for example, as mentioned above, see NHX-2 versus NHX-6 and NHX-3 versus NHX-9, or in the case of the mammalian exchangers, NHE3 versus NHE5). As in mammals, the C. elegans exchangers appear to be grouped into at least two distinct branches, with NHX-1, -2, -3, -6, and -9 on one branch and NHX-4, -5, -7, and -8 on the other; NHX-5 and -8 of the latter branch appear to be closely related to the human intracellular exchangers NHE6 and NHE7. It is important to note, however, that NHX-3 is not the worm ortholog of NHE3, and so on, for the entire family.
Localization of nhx Gene Expression and Subcellular Protein Targeting Using Transcriptional and Translation Promoter::
GFP Transgenes-We first created transgenic animals expressing GFP from promoter-transgene reporter fusion constructs driven by a 4-kb genomic fragment from upstream of the first putative start codon for each NHX family mRNA (see Fig. 1 ). In each case, the start codon was modified by mutagenesis such that it would not be utilized. Transgenic animals were identified based upon co-injection of a plasmid encoding the rol-6 marker, which results in a roller phenotype (32) . One caveat in the interpretation of these results is that the injected plasmids are inherited as non-physiological multi-copy extra-chromosomal arrays and may lack sequences that are necessary for cell-specific regulation; thus, these results should be considered an approximation of the nhx gene family cell expression patterns until verified by the use of specific antibodies or in situ analysis. In addition, the loss of the array during cell division produces a phenomenon known as mosaicism; individual animals may not exhibit the full repertoire of cells that are known to express the transgene. Thus, the results shown in Figs. 2 and 3 represent images of multiple animals taken from at least three separate transgenic lines.
When GFP expression was driven by the promoter sequences upstream of the NHX-1-, NHX-2-, NHX-6-, or NHX-7-coding sequences, fluorescence was found nearly exclusively in the intestine of the worm (Fig. 2, panels A-H) . The entire intestine was labeled evenly in the nhx-1::GFP and nhx-2::GFP transgenic animals ( panels A-D) ; however, the nhx-1::GFP labeling was most likely an artifact, as discussed below. nhx-2::GFP labeling was strong in both L1 and L2 larval animals, then diminished with age (data not shown). The anterior and posterior intestinal segments were labeled in the nhx-6::GFP animal, with a distinct gradient observed along the anterior segment (panels G and H). In contrast, the nhx-7::GFP reporter resulted in fluorescence specifically and exclusively in the posterior cells of the intestine (panels E and F).
Similarly, GFP expression was restricted primarily to a single cell or cell type in a surprisingly large number of transgenic strains (see Fig. 4 for schematic and synopsis). The nhx-3 promoter drove GFP expression in the hypodermal cells of the main body syncytium (Fig. 2, panels I and J) , whereas expression from the nhx-8::GFP transgene resulted in fluorescence exclusively in the hypodermal seam cells (Fig. 2 , panels O and P), and nhx-9::GFP resulted in the labeling of the large Hshaped excretory cell, which serves as the nematode equivalent of the kidney (panels Q and R). Although a complicated mosaic pattern emerged for nhx-5::GFP, the nhx-5 promoter appeared to drive the pan-neural expression of GFP (panels M and N), suggesting that this isoform may play a critical role in neural cell function. In several cases, labeling of additional cells was observed, as indicated in Fig. 2 . However, by and large, the specificity of cell expression patterns suggested that the different Na ϩ -H ϩ exchanger isoforms may serve specialized functions appropriate for each cell type.
On the other hand, the promoter from the nhx-4 gene drove the expression of GFP in a wide variety of cells, resulting in a complicated multi-component pattern (Fig. 2, panels K , L, and W-AB). Although the expression level of the nhx-4::GFP reporter differed widely between cells, fluorescence was detected in mosaic animals in nearly every cell examined (data not shown). Thus, NHX-4 may represent the worm housekeeping Na ϩ -H ϩ exchanger. We next decided to establish the intracellular distribution of each isoform in native cells. Hints as to the physiological function of Na ϩ -H ϩ exchangers can be surmised from their distributions; for example, mammalian NHE3 plays an important role in fluid and electrolyte conservation and is found associated with the apical membrane in the kidney and colon. Transgene reporter constructs were created by fusing the entire open reading frame of each exchanger in-frame with GFP; expression of these transgenes was driven by their cognate promoters. Fig. 3 shows the fluorescent and corresponding differential interference contrast images generated from these trangenic animals.
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In general, the expression patterns found for the translational fusion constructs were similar to those reported above for the transcriptional fusions. Several differences were noted, however, as we describe below; these differences may be attributable to downstream regulatory elements in the coding region or intronic sequences of the gene or to the utilization of an alternate start site. This latter notion may be especially attractive given both the size of some of the initial introns found in these genes (Fig. 1A) and the fact that multiple potential initiation sites were identified for three of these genes (only the upstream-most site was used in the transcriptional promoter fusion analysis).
The most notable difference occurred in the expression of NHX-1::GFP, which was previously thought to be restricted to embryonic intestinal cells. The translational fusion was expressed in a multicomponent pattern throughout many hypodermal and muscle cells over the entire length of the nematode (Fig. 3, panels A and B) . Expression was strongest in embryonic cells and recently hatched larva and diminished with age, and the fusion protein appeared to be targeted intracellularly, exhibiting a granular staining pattern that excluded the nucleus of the cell (see the inset of panel A). For this as well as subsequent constructs, we did not attempt to discriminate between labeling of different intracellular organelles but only determined if the labeling occurred intracellularly or at plasma membrane. We hypothesize that the lack of upstream sequence in the NHX-1 cDNA clone prevented us from identifying an alternate start site/promoter. By cloning the promoter as a translational fusion to GFP, we were able to detect initiation from both the original site as well as any other sites that would lead to the formation of a full-length protein. The exact start site for NHX-1 mRNA, which presumably lacks an SL1 transspliced leader based upon our anchored PCR results, is presently being mapped.
NHX-2, -6, and -7::GFP, the other intestinal exchanger isoforms, showed patterns of expression that mimicked those observed previously (Fig. 3, panels C-H) . Confocal microscopy clearly demonstrated that NHX-2::GFP expression was restricted to the apical membrane of the intestine (panels C and D), whereas NHX-7::GFP expression was found predominantly on the basolateral membrane (panels E and F). NHX-6::GFP was unique in that the targeting of this protein to a membrane domain appeared to be cell-specific (panels E and F); that is, the most posterior and anterior regions of the intestine exhibited mainly basolateral labeling, whereas the region in between the two ends appeared to contain labeling predominantly at the apical surface. This combination gave the intestine the appearance of a dumbbell. Of the remaining proteins, only one was also targeted to the plasma membrane, which was NHX-4::GFP. Expression of NHX-4::GFP was again observed in nearly all cells and cell types. Fig. 3 , panels I and J, demonstrate labeling of the nerve ring and retrovesicular ganglia, weak intestinal fluorescence, and signal in the hypodermal cells, in particular those associated with the intestinal tract and rectum. In the inset of panel I, NHX-4::GFP can clearly be seen to partition in a distinct pattern at the cell membrane of body wall muscle with the twisting characteristic of the rol-6 phenotype. This pattern appears to indicate some specific targeting of NHX-4::GFP to a microdomain in the membrane, perhaps where contact with other cells takes place. However, in most cells, the NHX-4::GFP protein is distributed evenly throughout the membrane, with the cell bodies of neurons clearly outlined, and fluorescence extending through the neuronal processes (data not shown). When expressed in polarized epithelial cells, NHX-4::GFP appears to be targeted to the basolateral membrane (Fig. 3, panel  I) . In this respect, NHX-4 appears to be akin to NHE1, the ubiquitous mammalian Na ϩ -H ϩ exchanger. Isoforms NHX-3, -5, -8, and -9::GFP, on the other hand, appeared to be associated with intracellular membranes (Fig.   FIG. 1 A-H, transgenic C. elegans expressing nhx-1, -2, -7 , and -6::GFP, respectively, in the intestine (int). nhx-1 and -2::GFP are expressed throughout the length of the intestine, whereas nhx-7::GFP is expressed only in the most posterior cells; nhx-6::GFP is expressed most strongly in posterior intestinal cells, with a graded level of expression that weakens moving anteriorly then strengthens again in C. elegans Na ϩ -H ϩ Exchangers 29040 3, panels K-T). NHX-3::GFP expression was identical in both translational and transcriptional fusions and occurred primarily in the hypodermal cells of the main body syncytium; in addition, in adult animals the uterine cells in the region closest to the vulva were intensely labeled (Fig. 3, panels K and L :GFP is targeted to the luminal surface of intestinal cell membranes, as demonstrated by confocal microscopy. The granular staining in the intestine is comprised of auto-fluorescent granules; using a system where color resolution is available, these granules will fluoresce yellow (see below). E and F, NHX-7:GFP is located on the basolateral surface of the posterior intestinal cells. G and H, NHX-6::GFP is expressed through the entire intestine, but the targeting of NHX-6::GFP is basolateral at the posterior and anterior ends of the intestine and apical in the middle, where the expression level is relatively weak. I and J, NHX-4::GFP is expressed ubiquitously and is localized to the plasma membrane (inset of panel I). K and L, NHX-3::GFP is expressed in the hypodermal cells of the main body syncitium as well as the ut1 cells of the vulva and the spermathecal junction cell (inset of panel K). Expression of the NHX-3::GFP protein appears to occur in a punctate pattern that is evenly distributed throughout the hypodermal cells (panels M and N). O and P, NHX-5 is a pan-neural Na ϩ -H ϩ exchanger that resides intracellularly, as shown in this fluorescent micrograph of the lumbar ganglion from NHX-5::GFP transgenic worms. Q and R, NHX-8::GFP is expressed in the seam cells and other tissues (see "Results"), and the NHX-8::GFP protein appears to accumulate in a punctate, perinuclear expression pattern (inset of Q). S and T, NHX-9::GFP is targeted to an intracellular domain, as shown in this confocal micrograph taken through the excretory cell body. NHX-9::GFP is expressed uniformly along both processes of the excretory cell in young larva (inset of S), but the intracellular localization becomes more restricted and appears like beads-on-a-string in the adults.
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ϩ -H ϩ Exchangersine cells are likely ut1, a toroidal cell proximal to the vulva. In addition, labeling was detected in socket cells and the excretory pore cell, two specialized epithelia that pierce the syncytial hypodermis (data not shown). The fluorescent expression pattern resembled dots distributed randomly throughout the cells (Fig. 3, panels M and N) . Under maximum resolution, these structures were seen to be elliptical, with circumferential labeling. In contrast to the usual suspects (Golgi, endoplasmic reticulum, endosomes, or mitochondria) these dots may represent storage granules, because hypodermal cells function as a major storage depot for granules and lipid droplets. Alternatively, the structures could be one of two other organelles that are unique to hypodermal cells, multivesicular bodies, or Ward bodies, which presumably play roles in the hypodermis-specific functions of secretion of cuticle components or the phagocytosis of apoptotic cells. NHX-5::GFP expression occurred primarily in neuronal cell bodies, with cells labeled in the anterior, lateral and ventral, and retrovesicular ganglion near the pharynx, in the ventral nerve cord, and in the pre-anal, dorso-rectal, and lumbar ganglion near the tail. Fig. 3 , panels O and P, demonstrates labeling of the lumbar ganglion in an adult animal. HSN (hermaphrodite-specific neuron) was also labeled as were the vulC cells of the vulva and the excretory cell (data not shown; see Fig. 2 for transcriptional fusion). Labeling was granular in the cytoplasm and extended weakly through the neuronal cell processes.
NHX-8::GFP was expressed as expected in the seam cells but was also expressed in the pharyngeal muscles, the pharyngealintestinal and intestinal-rectal valve cells, and in cells of the vulva (Fig. 3 , panels Q and R). Expression in these additional cells may have been a result of promoter or enhancer elements in the first intron of the nhx-8 gene that are not present in the transcriptional fusion construct. Alternatively, the shorter promoter used in the translational reporter construct (1.5 versus 4 kb) may lack sequences that normally repress expression in these cells. The NHX-8::GFP protein was distributed in the seam cells in a vesicular pattern that excluded the nucleus, as seen in the inset in panel Q, with some underlying signal contributed by weakly fluorescent hypodermal syncitia. Finally, the NHX-9::GFP fusion protein was targeted to the excretory cell, but the labeling was patchy; in the region of the cell body, the protein accumulated in distinct, large aggregates (Fig. 3, panels S and T) . Three-dimensional reconstructions using confocal microscopy suggested that these aggregates occurred intracellularly and were not associated with the plasma membrane. In early stage larva, the twin excretory cell processes were labeled uniformly (see the panel S inset), whereas at later larval stages, the labeling became more restricted, resulting in a "beads on a chain" appearance, as demonstrated by the lower right process in panel S that extends from the anteriorly from the cell body. Expression of both the NHX-8-and -9-coding regions as GFP fusion proteins from translational promoter fusions suggests that the out-of-frame start codons found downstream of the SL1 splice sites for these cDNAs (Fig. 1) are not utilized. 
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A schematic denoting the major organs and cell types in which each isoform is expressed is shown in Fig. 4 . This schematic is not intended to be comprehensive but only to serve as a quick reference. The top panel is a pseudo three-dimensional portrayal of a nematode using color to represent each isoform in the cells where it is expressed. In addition, the subcellular distributions of NHX-2, -6, and -7 are indicated by placing their respective colors on the basolateral or luminal face of the intestine. In particular, note that the posterior cells of the intestine express both NHX-6 and NHX-7 on the basolateral cell surface. In addition to NHX-9, NHX-5 is also expressed in the excretory cell (not shown due to size limitations), and the distribution of NHX-4 is ubiquitous, as depicted by the pale green background color. To accurately display multiple expression profiles resulting from cells that nominally overlap in a longitudinal section (particularly the seam cells, hypodermal cells, and the excretory cells), a cross-sectional schematic of a nematode near its mid-section is shown in the bottom panel. In this schematic, NHX-1 is depicted as expressed in the body wall muscles, mainly because it is the only isoform besides the ubiquitous NHX-4 that we found there. However, we note that the expression of NHX-1 is much more widespread, and we re-iterate that there are many single cells, such as the distal tip cell, pharyngeal cells, and the uterus that express one or another isoform and yet are not depicted here.
NHX-4a Functions as an Na
ϩ -H ϩ Exchanger-To determine whether the nhx genes code for functional Na ϩ -H ϩ exchangers, the nematode family members were transiently expressed in the Na ϩ -H ϩ exchanger-deficient AP1 cell line, and recovery from an intracellular acid load was monitored using the fluorescent dye BCECF. Although most of the exchangers failed to mediate pH i recovery in this system (data not shown), transfected cells expressing the ubiquitous isoform NHX-4a exhibited Na ϩ -dependent pH recovery after acidification (Fig. 5A,  filled circles) ; recovery was never observed in non-transfected AP1 cells (Fig. 5A, closed squares) . The recovery was not dependent on extracellular Cl Ϫ (Fig. 5B) , and the K a for Na ϩ was ϳ32 mM (Fig. 5C ). In addition, NHX-4a activity was relatively insensitive to the amiloride analog EIPA, and a concentration of 100 M caused less than 50% inhibition (Fig. 5D) . Interestingly, NHX-4b derived from the short NHX-4 mRNA, did not function in the recombinant expression system (data not shown). Immunofluorescence of the V5 epitope-tagged recombinant protein suggested that the protein failed to make it to the plasma membrane, consistent with the presence of a much weaker signal sequence on the short NHX-4b splice variant (data not shown). It is possible that the other plasma membrane isoforms (NHX-2, -6, and -7) similarly fail to be targeted correctly, resulting in a lack of activity. Alternatively, these intestinal isoforms may require an endogenous factor to function properly.
DISCUSSION
The results presented in this study provide new information on a nematode family of Na ϩ -H ϩ exchangers that should prove valuable in the area of comparative physiology. We have cloned nine cDNAs from the nematode C. elegans that exhibit strong homology to the mammalian family of Na ϩ -H ϩ exchangers. These proteins have been named NHX-1 through NHX-9. The fact that recombinant NHX-4a can mediate Na ϩ -dependent FIG. 5 . Na ؉ -dependent pH i recovery from an acid load in AP1 Na ؉ -H ؉ exchanger-deficient cells expressing NHX-4a. A, transfected (q) and untransfected (Ⅺ) cells were acid-loaded using an NH 4 prepulse, and the rate of pH i recovery upon the readdition of Na ϩ was monitored using the pH-sensitive fluorescent dye BCECF-AM, as described under "Experimental Methods." Non-transfected AP1 cells never recovered from intracellular acidification. B, using a double-pulse, the Cl Ϫ dependence of the exchanger was assessed. During the second pulse, Cl Ϫ was substituted by gluconate. C, the rate of recovery from an acid load was determined at differing concentrations of extracellular Na ϩ , as indicated. The K m for Na ϩ is ϳ32 mM. D, inhibition of Na ϩ -H ϩ exchange by the amiloride derivative EIPA was assessed at 10 and 100 M, as indicated. Nhx-4a is relatively insensitive to EIPA and only exhibits ϳ30% inhibition at 100 M. All data shown represent the average of at least six transfected cells; duplicate experiments gave similar results.
C. elegans Na
ϩ -H ϩ Exchangersrecovery from an intracellular acid load suggests that the similarity between the nematode NHX family and the mammalian NHE family exists at the functional as well as amino acid level. At least four of the NHX proteins (NHX-2, -4, -6, and -7) are targeted to the plasma membrane; the fact that the mammalian exchanger NHE3 can reside in intracellular vesicles that fuse to the plasma membrane upon cell signaling (35) suggests that even intracellular isoforms have the potential to mediate plasma membrane currents under appropriate conditions. In addition, the identification of a relatively large number of putative intracellular Na ϩ -H ϩ exchangers in C. elegans (five) compared with mammals (two to date) provides us with a unique opportunity to use the genetic and reverse genetic techniques that have been established in nematodes to dissect the role that these proteins play in organelle and vesicle function.
One striking finding was that many of the nematode isoforms were expressed nearly exclusively in a single cell or cell type. This suggested that the particular characteristics of each isoform may be tailored to the functions that are exclusive to those cells; i.e. that by examining what each cell does, we may gain insight into how the NHX proteins act. For example, the expression of NHX-4::GFP in every cell in the nematode and its distribution at the basolateral membrane surface suggests that this isoform may be required for general pH regulation. Similarly, the expression pattern of NHX-9::GFP suggests that it may contribute to the function of the excretory cell, which is akin to the kidney in nematodes. Laser ablation of the excretory cell leads to bloating and death (36) , consistent with a role in regulation of the internal osmotic environment. How a seemingly intracellular exchanger might be involved in this process is an intriguing question.
One way to answer these types of questions is to harness the power of C. elegans genetics and assess function by identifying components of physiological related processes or pathways. The utility of this approach was demonstrated quite elegantly by some recent work done by Dr. Paola Dal Santo in the laboratory of Dr. Erik Jorgensen. Timing of the C. elegans defecation cycle is regulated by an endogenous clock, which involves inositol 1,4,5-trisphosphate receptor-dependent calcium oscillations in the intestine (37) . A screen for mutations that specifically eliminate the posterior body contraction during the defecation cycle resulted in the identification of pbo4, a mutant allele of the nhx-7 gene. 2 The restricted distribution of NHX-7 at the basolateral surface of cells in the posterior intestine (Figs. 2 and 3 ) positions this Na ϩ -H ϩ exchanger where it might physiologically interact with other molecular components of the signaling pathway on adjacent muscle cells. These results may represent a heretofore unappreciated role for Na ϩ -H ϩ exchange in cellcell communication.
Nematodes have proven to be a powerful model system for the study of complex physiological processes. In addition to being genomically defined and genetically tractable, developmental studies are simplified because the identity, position, lineage, and fate of every somatic cell are known throughout embryogenesis and larval development. Not only are genetic and reverse genetic screens possible, techniques such as double-stranded RNA-mediated gene interference allow us to phenocopy a null allele in the space of days. With the introduction of transgenic pH-sensitive forms of GFP (38, 39) , it should eventually be possible to study pH regulation by the nhx exchangers in an intact nematode. The identification of the cellular and intracellular expression patterns for each of the NHX proteins is an important first step toward studying their physiological roles. With the molecular tools and knowledge base that we have developed in this work, we can now begin to analyze acid-base regulation and its consequences at single cell resolution in this model organism.
